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External control over the electron and hole wavefunctions geometry and topology is investigated 
in a p-i-n diode embedding a dot-in-a-well InAs/GaAsSb quantum structure with type II band align¬ 
ment. We find highly tunable exciton dipole moments and largely decoupled exciton recombination 
and ionization dynamics. We also predict a bias regime where the hole wavefunction topology 
changes continuously from quantum dot-like to quantum ring-like as a function of the external 
bias. All these properties have great potential in advanced electro-optical applications and in the 
investigation of fundamental spin-orbit phenomena. 

Semiconductor quantum dots (QDs) play a key role 
in ultrafast signal processing devices such as electro- 
optical modulators, switches and delay generators 
Made of different semiconductor materials, like GaAs, 

InP, Si/Ge,..., semiconductor based devices work sta¬ 
ble at ultrahigh speeds using a fraction of the energy 
and space needed by competing electro-optical materi¬ 
als!^ Band-gap engineered semiconductors, and in partic¬ 
ular QDs and quantum wells (QW), have made possible 
this great success thanks to a precise control of electronic 
excitations via an externally applied electric (or electro¬ 
magnetic) field; a key concept which, beyond the mod¬ 
ulation of light phase and amplitude, underpins many 
other cutting-edge quantum technologies from excitonic 
integrated circuits to quantum memories 

For many years, the prototypical system to develop 
new classical and quantum information technologies has 
been self-assembled In(Ga)As/GaAs QDs. Owing to its 
type I band alignment, electrons and holes in this system 
are strongly confined within the In(Ga)As material, be¬ 
ing the response of their ground state wavefunctions to 
the external bias correspondingly small and similar for 
both carriers !2riii However, for the type H band align¬ 
ment, in which only the hole or electron is confined within 
the QD whereas the companion particle remains weakly 
localized outside, the electro-optical response is compar¬ 
atively unexplored. It is expected that the weakly con¬ 
fined particle would be more sensitive to external stimuli, 
resulting in a larger electrical polarizability along with 
other characteristics associated to the very different con¬ 
finement regime for electrons and holes j^^i^^ All these fea¬ 
tures might vary between both type I and type H QDs 
and deserve thus a careful investigation. 

To explore these fundamental differences, we have em¬ 
bedded an InAs/GaAsSb dot-in-a-well structure in a 
GaAs p-i-n diode and investigated its optical properties 
as a function of the external electric field at 5 K. Fig¬ 
ure UKa) shows an schematic representation of the de¬ 
vice under study. More details about the sample growth. 



FIG. I. (a) Schematics of the investigated device structure 
with doping concentrations, layer thicknesses and active layer 
composition indicated, (b) Symbols are k.p calculations of the 
ground state energy dispersion in an external electric held for 
different thicknesses (t) of the GaAsSb QW. Black, blue and 
red solid lines are hts to the expression E(F) = Eq —pF-\-/3F‘^ 
using p/e (nm)= 1.4, 2.2 and 3.2 and /3 (/ieV kV“^cm^)= - 
0.21, -0.39 and -0.78, respectively. The inset shows a detailed 
scheme of the active layer composition and geometry used for 
the calculation. 

device fabrication and characterization along with a de¬ 
scription of the 8 X 8 k-p model that support our hndings 
can be found in the supplemental material hle^^ 

Traditionally, Sb has been employed either within the 
InAs QD o^^d^ or in the cappin g^^d^ to shift their emis¬ 
sion wavelength into the O and G optical telecommu¬ 
nications bands. Depending on the amount of Sb, this 
redshift comes along with a transition from type I to 
type H band alignment at the QD interfacesFor 
the particular amount of Sb used in the cap layer in 
the present work, the valence band alignment across the 
GaAsSb/InAs interfaces turns from type I to type H, 
leaving the electrons confined within the InAs QD, while 
expelling the holes to the capping layer already at zero 
electric field. 
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FIG. 2. (a) Evolution of the PL as a function of the external 

voltage. The black thick line corresponds to the 0 V spectrum, 
(b) Ground state peak energy (red dots) and FWHM (blue 
squares) extracted from Gaussian deconvolution of the main 
peak. The solid line is the parabolic dependence predicted by 
the k • p model. 


Besides the type II band alignment, the vicinity of 
the top GaAsSb/GaAs interface, located a few nanome¬ 
ters above the QD apex, is a key element in our design 
(see inset in Figure IHb)). Firstly, it acts as an effec¬ 
tive barrier for the holes, preventing the weakly localized 
hole to drift away and ionize from the electron Coulomb 
potentialj^^ Secondly, it allows a precise control of the 
key parameters that govern the response to the external 
field in electro-optical applications. Under these condi¬ 
tions, we find a bias regime where the hole wavefunction 
winds around the electron one, inducing a large in-plane 
dipole moment. This comes along with a change of the 
exciton topology from singly connected to doubly con¬ 
nected, which might have an strong impact on voltage 
tunable spin-orbit physics and spintronic devices beyond 
the electro-optical realm^^ 

The electronic properties of an electron-hole system 
spatially confined in the direction of an external electric 
field, F, are governed by the quantum confined St ark- 
effect (QCSE)^2^ Its impact on the ground state energy 
can be described up-to second order in perturbation the¬ 
ory by the quadratic function E{F) = Eq — pE + pE‘^^ 
where the parameter p represents the permanent verti¬ 
cal dipole moment and [3 the polarizability. Figure [TJb) 
shows that, despite the complex confinement geometry, 
this simple parabolic function accurately describes the 
ground state energy evolution calculated using three di¬ 
mensional eight-band k • p methods as implemented in 
the Nextnano+-h software package^^. It is important to 
highlight that the value of p and (3 can be changed only by 
increasing/reducing the GaAsSb QW thickness, t. This 
brings a great advantage over type I systems, where such 
manipulation relies on changing the dimensions of the 
QD, which are more difficult to access experimentally in 
self-assembled nanostructures. 

Figures [2] and [3] shows a direct comparison between 
the calculations and experimental data. The evolution 


of the photoluminescence spectrum (PL) measured at 5 
K as a function of the device bias is displayed in Fig¬ 
ure [2](a)^2i At 0 V, the spectrum is dominated by the 
ground state emission centered at 1.134 eV with full with 
at half maximum FWHM ^ 36 meV and a high energy 
shoulder related to an excited state transition at 1.168 
eV {FWHM ^ 29 meV). The intensity of the main peak 
ranges from 79% of the total emission at 0 V to 94% 
at —3 V. Therefore, in the following we focus only on 
the fundamental transition. Figure [2fb) shows how from 
40 to 110 kV cm“^ the experimental peak energy shifts 
by 13 meV, nearly a 40% of the inhomogeneous band¬ 
width, while the FWHM remains constant in the same 
range of electric fields (variation < 1 meV)^^ Both the 
k • p method and perturbation theory curves produce a 
good fit to the data in this region. We find a experimen¬ 
tal value for p/e = 1.48 nm in good agreement with the 
theoretical one p/e = 2.2 nm calculated for the nominal 
thickness of the GaAsSb QW, t = 6 nm. The perma¬ 
nent dipole moment is related to the expectation value 
of the electron and hole z coordinate at E =0 kV cm“^ 
through pje — = . The Coulomb interac¬ 

tion is expected to be small due to the type II alignment, 
but even without it, our model predicts that the strain 
and piezoelectric potentials are enough to stabilize the 
hole wavefunction above the electron one at zero bias. 
In addition, we find that the polarizability /3exp = —0.32 
peV kV“^cm^ also agrees well with the theoretical value 
Aheo = —0.39 /ieV kV“^cm^, concluding that the key 
parameters of the electrical response of these QDs are 
well reproduced by our model. 

To analyze the carrier dynamics, we have performed 
time resolved photoluminescence experiments (TRPL). 
Figure (H^a) contains two representative decay curves 
recorded at 5 K for two values of the electric field. The 
solid lines represent the convolution of the system re¬ 
sponse with single exponential decay fits for each dataset. 
We obtain long decay times, in excess of 6 ns, confirming 
that carriers exhibit type II confinement after the rapid 
thermal annealing treatment.— The full evolution of 
the decay time with the external electric field is repre¬ 
sented in Figure [3fb). For each point, the decay time and 
its statistical error were estimated at the maximum of 
the emission, i.e. following the Stark shift of the ground 
state. The decay time follows a curve typical of two coun¬ 
teracting processesThe region of lifetime increase {E 
^ 50 kV cm“^) corresponds to the vertical separation of 
the electron and hole wavefunctions and the reduction 
of the electron-hole overlap dictated by the QCSE. The 
k • p predicts a change in the radiative lifetime Trad from 
5 to 12 ns between -150 kV cm“^ and 150 kV cm“^. 
The region of lifetime decrease {E ^ 50 kV cm“^) shall 
be associated to the tunnelling of the electron through 
the InAs/GaAs interface. The tunneling rate can be 
estimated using the Wentzel-Kramers-Brillouin approxi¬ 
mation for a triangular well: 
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FIG. 3. (a) TRPL experimental data and decay time fits ob¬ 

tained at the indicated bias. The system response is plotted in 
grey, (b) Best fit of the theoretical radiative lifetime (dashed 
line), tunneling time (dotted line) and effective lifetime (thick 
solid line) to the experimental decay times (circles), (c) Bias 
evolution of the radiative lifetime (thin solid lines), effective 
lifetime (thick solid lines) and electron energy (dashed lines) 
calculated for different thickness of the GaAsSb QW. 



where we introduce the electron effective mass of com¬ 
pressed InAs, m* = 0.1, the GaAs band edge at the QD 
base, Ec = 0.765 eV, H = 2.3 nm, for the QD height 
determined independently^ and Ee{F) for the electron 
ground state energy given by the model. The resulting 
Ttun is depicted by the dotted line in Figure [3fb). The 
effective lifetime is obtained as a sum of the rates 
— Aui + Rad* displayed by the black solid curve in 
Figure [3l^b), there is an optimum match with the experi¬ 
mental values by just rigidly downshifting the theoretical 
Trad (dashed line) by 1 ns. 

Large p and [3 are desirable to fabricate electro¬ 
absorption modulators with small modulation voltages 
and low insertion losses. Due to the larger polarizability 
of our QD structure, we expect a noticeable modulation 
of the oscillator strength and exciton radiative lifetime 
with the applied bias as just described. However, the 
tunneling of the electron out of the QD prevents to ex¬ 
tend the tuning to higher electric fields. In this con¬ 


text, an additional feature arises from the large asymme¬ 
try between electron and hole confinement, which allows 
to tune almost independently Trad and rtun in owe sys¬ 
tem. Figure [3l^c) shows how Trad and the effective lifetime 
scales up with the the GaAsSb QW thickness and applied 
bias. This is a consequence of the large [3 value of these 
QDs which is mostly due to the spatial modulation of 
the hole wavefunction in the GaAsSb layer. Meanwhile, 
the strongly confined electron almost does not change 
its energy when varying F as depicted by dashed lines 
in the same figure (less than 1 meV for a given t). At 
the same time, due to their deeper confinement potential 
and large effective mass, holes do not tunnel through the 
GaAs/GaAsSb QW interface. Under this configuration, 
the tunneling of the electron through the InAs/GaAs 
interface determines entirely the exciton ionization and 
hardly depends on the particular GaAsSb layer thickness 
(only through small variations of the electron energy due 
to the strain field). Thus, both parameters can be tuned 
independently in a wide range, playing with the GaAsSb 
QW thickness to fix Trad and independently introducing 
lattice matched electron tunneling barriers to fix rtun as 
discussed in Ref. [^. 

The QCSE properties of the proposed structure do not 
arise only from a modulation of the electron hole wave- 
function overlap but also from a change of the hole wave- 
function topology. An intuitive picture can be obtained 
from the probability density calculated by the eight-band 
k • p model as shown in Figure [11(a). For F <0 kV cm“^, 
the combination of type II confinement, strain and piezo¬ 
electric fields results in a hole wavefunction that adopts 
a non-single connected geometry (ring-like) and the for¬ 
mation of a large in-plane permanent dipole (pe-h)- Ap¬ 
plying a magnetic field in the growth direction, both 
conditions shall induce a relative Berry phase between 
the electron and hole wavefunctions resulting in periodic 
changes of certain optical magnitudes, like the oscillator 
strength, and other effects predicted by Aharonov and 
Bohm (AB)^^i^ 

These phenomena have received much attention in type 
I and type II semiconductor nanostructures connected to 
spin-orbit physics and applicationsType-I quantum 
rings (QRs) with the correct confinement topology for 
electrons and holes are difficult to fabricate and result in 
a rather small {pe-h) (typically ~2 nm), making the de¬ 
tection of optical AB effects a very challenging task j^^i^^ 
The application of a vertical electric field was proposed 
then to increase slightly {pe-h) and identify tunable AB 
oscillations in GaAs/AlGaAs QRsj^i^ To this respect, 
QDs with type II band alignment might be a better al¬ 
ternative to investigate optical AB phenomena^i^ al¬ 
though the possibility of a bias dependent topology has 
not been exploited in these systems yet. 

Figure HKb) shows the bias evolution of the ver¬ 
tical and in-plane dipole moments calculated for the 
In(Ga)As/GaAsSb structure presented here. In contrast 
to type I systems, at F = 0 kV cm“^, {pe-h) is already 
9 nm with (^^e-h) =2.3 nm. Applying negative electric 
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FIG. 4. (a) Probability density distribution of the funda¬ 

mental state of holes averaged over (110) and (110) planes, 
(b) Expected value of vertical (blue solid line) and radial (red 
dashed line) separation between electron and hole. The insets 
show three dimensional colour plots of the ground state hole 
wavefunction probability density calculated at the indicated 
electric fields. 


fields, the hole moves downwards approaching the elec¬ 
tron and increasing the e-h overlap, as explained before. 
The in-plane dipole moment remains mostly unchanged 


in this bias region which would be the most favorable 
for the observation of the optical AB effect. Reversing 
the field direction, the hole wavefunction starts to move 
upwards decreasing (pe-h) down to zero at F = 200 kV 
cm“^. A sweep of the lateral dipole moment of this mag¬ 
nitude is unforeseen in the literature and shall pave the 
way for further investigations of tunable optical AB ef¬ 
fects in semiconductor nanostructures. 

In summary, we study the voltage control of the 
hole wavefunction geometry and topology in a type-II 
InAs/GaAsSb dot-in-well structure. We demonstrate 
that the key parameters for semiconductor electro-optical 
applications in this structure can be tuned precisely in a 
wider range than using type-I QDs. We also predict a 
bias regime where the lateral exciton dipole moment and 
the hole wavefunction topology enable the study of spin- 
orbit phenomena like voltage tunable optical Aharonov- 
Bohm effects. 
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